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TECED?ICALl?OTE110.239. .

STEAMPOVXRPLANTSINALRCRAFT. --

By E. E. Wilson.

Theemploymentof st=ampowerplantsin aircrafthasbeen

frequentlyproposed.Ar~mentsproandconhaveappearedin —
manyjournals.It is thepurposeof thispapertomakea brief-.—
analysisof theproposalfromthebrGadgeneralviewpointof

aircraftpowerplants.Any suchanalysismaybe generaloriie-

tailed.If theapproximateanalysisshowsconsiderablepromise,

thenan ultimateanalysismaybe proceededwith.
&

GeneralConsiderations

u Powerplantsforatrcraftmustmeetcertainrequirements

considerablydifferentfromthosewhichotherpowerplantsaze

requiredtomeet. A primaryrequisiteof an aircraftpower

plantislightweightinproportionto thehorsepowerdeveloped.._
=

Compactnessisa fundamentalrequirementnotonlybecausetom- :
e

pactnessisassociatedwithlightweightbutalsobecausecom-

pactnessis,of itself’,an importantfactorindesign.On this

lightweighthorsepowerratio,aircraftpowerplantsmust“De

& unusuallyreliableandmustattainthisreliabilitywithoutatten-

tionin theair. Theymustdevelopa highpercentageof their

@
maximumhorsepowerat thebeginningof a flight,andmustsustain



a relativclyhigh

t-heili~ht.They

causeof theccst

percentageof theirwaximumpowerthroughout “_

rimst attainhighcconomyk fuelr.ot only‘oe

i.r.volvcdin opercctim,kuta.l=obcm-.zscthe

weightof fuelconsumednecessarilylimitsthecru:sLagrange
.

and thepayload.- Aircraftenginesmustbe cxtrencly~lcxihlc

in operation;that.is,capa-slcofquickaccelerationordccelcr-..—
ationfromidlingspeedto fullthrot~lc,andviceversa,andof

fineadjustmentat anyer.nk speedthroughouttheflyingrange. .-

Aircraftenginesdo notattainthelonglifebetweenmajorover- —

haulsrequiredby otherpowerplantsat present,butlonglife .7

is likewiseofprimaryimportance.To summarize,aircrraftpower

plantsmustmeetthefollowingdifficultrequirements: .-
Lightweight,

: Reliability,
Economy,

: Durability,
Compactness,

: Flexibilityy.

Siricethecontrollingfactorinaircraftenginedesignis

weight,it is importantto considerthisrequirement.We are

accustomedto compareengineson thebasisof weightperhorsc- —.1

power. Thiscoefficientina givenengineiscapableof reduc-

tion,first,by reductionof theweightitself;and,second,by

increasingthehorsepower.Progressalongtheselineshasbeen

rapidandthelimithasnotyetbeenreached.

In &r considerationof weights,we mustbearinHindthat

we arenotconcernedwiththebareengineweightalone,butwith
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thewholepowerplantweight.Thenecessityforthisiszppar-

entat oncevhenm conpareconvcntimalwater-cooledc~-gincs —
andair-ccoledengines.Thedryveigntpcrhorscpmercf these._

two t’ypcs03 enginesisahost thesc,:te,but‘.~henwe t?.k.cinit.

considerationtheweightof theccolingsystemrequiredby the

muter-cooledengine,T7Cfinda differenceintotclpoucrplant

weightcfe.pproxiv.atelysix-tenthsof a poundpcrhorsopcmr.

Ina problcnof thiskind,it isnecessaryto carrythe

weighta=lysisstillfurther.Thenodernaircrz.ftpowerplant,

meighingabout3 lb.perhorsepowerand consumingabout0.5lb. 1-
.

of fuelperhorsepower,willat

l~eigh~of fuelinapproximately

of thepowerplant,then,isof

fullthrot%2.econsumeitsown

6 hours. The ~?elconsumption
●

greatimportancein thisweight .

consideration.Thisfuelconsumptionnustelsobe considered

on a furtlierbasisofw-ilesper ~allon,andthisconsideration

involvespropellerefficiency.Ithasbeenstatedas a general ,=

proposition’tkattheaircraftpropellershouldturn,zoughly,.
10 Y_p#~mpermileper hourforbesteconomy.poran s,iqlane .

flying100milesper hour,thebestpropellerspeed-will“oein ,

theneigh30~hoodof 100C)R.P.M. Airplanes’flyingat 25Cmiles

per houron thissamebasiscanbe flownivithgoodprcpcllez _–

effi~iencyat a czankspeedof 2500R.P.M. In theslowerair-

craft,then,theusc of retluctiongearingi~ indicatedfor

crankspeedsgreatlyin excessof 1800PLP.M. In anycor.sider-

ationof thismatterofweight,therefore,ne musttakeinto



* K.A.C.A.TechnicalNoteRot233 4

considerationthewc:glltof thepowerplant,tunewei@t of the
m fuelconsumed,and thepropellerlimitations.

Ourweight-horsepowerratiodoesnot tell.thewholestory.

Eventhoughthismaybe excellentas measuredfromeverystand-

point;wemusttakeintoconsiderationthetotalweightof’the

powerplant. As thetotalweightof theponerplantincreases,
—.

the~inga~eanecessaryto supportit likemiseincreasesan~

theucightof thestructureto su~ort thepowerplantin–

creases.In otherwords,thetotalpowerplantmight is re-

flectedthroughoutthewholestructure.Thesizeofan airplane

is ofprimaryimportanceand isofparticularimportancein
n

navalaircraft.Thelimitationsof storagespaceandhandling

gearaboardshipestablishdefinitelimitationsof thesizes

* of aircraft.whichcanbe ‘handledandthismay readilyrequire

a largernumberof smallaircraftratherthana smallernumber

of largeaircraft.

In thepast,itkasbeenratherwidelyfeltthatmight

entersmorelargelyintothefactorof reliabilitythanisnou

believed.A heavypowerplantisnotnecessarilya rclia’a~c

powerplant. Theweightmustbe properlyplaced,preferably

—

in stressedparts,antinustbc eliminatedfronunstressed

ij parts. It ishardlyfairto comparethereliabilityof conven–

tionalaircraftpowerplantswiththcctof groundor surface

installations.Whereasa surfaceinstallationmay have
k

cateauxiliaries,~themight factorinaircraftengines

dupli-

pr-
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eludestheuse ofmultipleauxiliariestoa greatdegree.Thus,

theconditionsof operationin theair,are entirelydifferent-
fromthoseof normaloperationon theground.

Thereisa gene~ali.mprcssiont-hstthepresentaircraft

ponerplantsarecomparativelyunreliable.A carefulanalysis

of enginefailuresindicatesthata largepercentageof then

areduetotroubleswithgasoline,oil,andraterlines. It is

rathersurprisingto seethenuaberof failureswhicharccred-

itedto theso-calledIiplumbingsystem.”ln theeffortto r~

duccthetotalweightof theselines,it isof importancethat. .-
wc do notgo toofarandintroducethefactorof unreliability.

Z! Thishighpercentageofplumbingfailureswillbe of interest

to us uhcnwe coneto investi~testeanpowerplantsso~ew=t

laterin thispaper.
*

ApproximateAnalysis

Withthisbasisestablished,we are non readytomakethe

approximatee

steampower

consistof:

h-,

analysisof thesuggestionof theemploymentof

pl&ts inairczaft.Any steampowerplantmust

—

a) Theboiler,
b’
!

Theengine;
c Theauxiliaries,
d) The condenser.

A condenserisabsolutelynecessaryinaircraftfo~ the

reasonthatno airplanecouldpossiblycarrysufficient”‘~term

to operatitenoncondensing.
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Fortunately,t7ehaveas a basisof ouranalysis,a very

of theNavyDepartment,duringtheyearsiwnediatelyfollcwing
:

thewar. Thisinvestig?.tionwascarriedonby a Committeeon!
ExperimentalPowerwhichincluded.amongitsmemberssomeof the

foremGstAmericanengineezswhohavebeenassociatedwithstea.m-

drivenmotoroarsandgasturbine-driventorpedoes

TheCommitteebeganitsreportwiththefollowingstz-.te-.—_

nlent:llItisquitemanifestthat,theoretic~lly,no stem ..

plantcancompetewiththeinternalcpm-bustionenginein economy

andfuelconsumption,and in smallpowersit couldnotcompete ,

in weightofplantper“horsepower.’fTheaccuracyof thisstate-

mentisborneoutby thefactthatwhereasaircraft.enginesare

operatingon a specificfl~elconsumptionof 0.50lb.of.fuel

perbrakehorsepowerperhour,a goodavqzagefigureforeyen

a largesteampowerplantisnotbetterthan1 lb.of oilper

hors~owerhour. Roughly,thespecificeconomyof thesteam t
powerplantisabouthalfthatof the internalcombustionen-‘

I
gineas appliedtoaircraft.Thisis inherentin thecycles ~

employedandthemannerof employingthem.,.

TheBureauofEngineering~sreport,further,pres,entedthe .—
ideathat:thedevelopmentof a practicalsteampowerpbnt for
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u

(1)Theproductionof a steamengineofminimumweight,

whichshallhavethehighestp’ossible.efficiencyand

lowestpossiblefuelconsumption,andnhichshall

possessreli~bilityanddurability.In theproduction

ofan enginepossessingthesecharacteristics,the

Cor.mnitteefavoredthesteamturbine.

(2)Theproductionof a suitableatem generatorautormtic

inaction.Forthispurpose,theCo~itteefeltthat

theflashboilerwas theonlyonewhichconsiderations

of weightwouldadmit.

(3)Thedevelopmentof a con~enser. Itwasconsidered

thatthisdevelopmentprcsentdmorediffioultprGb- .
lcmsthanthatof theengineandthatthedragof such

a c~ndcnscr,no mzztterhowmen designed,wouldprob- ..—
ablybc prohibitiveunlesssomesuchdeviceas the

‘1wing“ radiatcrcouldbe used.

‘theCo~w.ittceconsideredthatthefoundationofa ccmplcte

powerplantwas thesteamgenerator.The generatorfirnlly

arrivedat,consistedessentiallyof a systenof tubinginto

one endofwhichthefeedwaterwasforced,whilefronthe

otheyendthestecuiszud. No storagespacefor eitherSUT-

pluswateror steamwasprovided=In a generatorof thist~~o,

vhcrctkcrcis,noreservoircr storedheat,suchas rLll,?-,atCX-

lCVC1boilerspossess,itwasn~cessarythatt;eexactproper



N~A~CZA*TechnicalNoteito.239 8
●

proportionsof fuelandwatersupply,slmuldat alltimesbe

naintainodaccurately.Fluctuationsinpressureand tcmpera-

* tureof stcandueto suddenchangesin thedenandor loadcould
.

onlybe preventedby self-actingdevices.If controlledby

hand,anychangesin stezcningratewouldhavebeenmadecau-

tiously.Suchoperationwouldnetbe practicablein ordinary

use.

TheCommitteefeltthatthetaskof devisinga practical

generator~{asdividedinto

was thedmelopnentof the

productionof an efficient.
itwhendeveloped.

twodistinctprobl=-m.Thefirst

generatorproper,and thesecondthe

andpracticalsystemof controlling

Theparticularformwhichthisgenerator

dictatedby thefactthatfirebrickor other

tookwaslargely

refractorylining

\
forthecombustionchambercouldnot.beusedon accountof its

weight.Thecombustionchamber(Fig.1) wasthereforeenclosed

kithinthewallsof stceltubingthroughwhichthesteamgener-

atedin theheatingcoilspassedandbecamesuper-heated.In

orderto conservetheh~t radiatedfromthesewalls,an air

jacketsurroundedtheentireboileryandairwasdrawnthrough

thisjacketby a fanbloweranddeliveredto thecoqioustion

chzmber.”A lightsheetsteelcasingenclosedthetibingin or-. .

der topreventhotgasesin thecombustionchambe~froaenteringE
. theairjacket’,and thelatterhadan outerwallof thinshc-ei””
●

aluminumbetweenwhichandtheinnerwallwasa spaceof four



*

inches

lation
4. to the

throughwhichtheairpassed.Thismethodof hat insu-

provedexceedinglyeffectiveandlittleheatwsssradiated

atmosphere.

Theultim.tedesigncontemplateed tlzeuse~f fueloil,but

forconveniencein experimmting,kei’osenewasusedforfuel.

Neithertheheatingtubesnor themetalcasingenclosing:Eqn

possessedanya,ppreciablcstructuralstrength,andto su>ply

this,a lighttrussuadeof half-inchtubingwasplacedyithin

theairjacket.To this,the

attached.Thepmticn of the

and outerwallswhichcovered

insideandoutsidevvallswere

truss,together~iththeinner .

theouterwallof thegenerator,

wasuaderemovablesoas to give!accessto tk.etubing.
.

In theultimate,ilesign,itwasacceptedthatthefuelpu~p .—
wouldbe includedin thesauehcm~singwiththematerfeedpump,

* ●

andbothpumps,togetherwit?-t?-efanblower,wouldbe driven

by a turbinemountedon thepumphousingso thattheplantas

a w“nole,wouldbe self-containetl.Forcmvenienc~and experi–

mentation,however,thefuelpumpwasrmuntedon an independent

foundationwhichwasdrivenby an elept~icmotorby belt,the

samemotordrivingthefanblowertowhichitwas co-~pledby

meansofa flexiblefihaft.

Theboiler,in generalsl+pe,wasa horizontal,multi-
i? circuitflashboi~eTtowhichwaterwasfedin sixteenparallel

streams.Thesestreamswithoutinterruptionpassedparallel

throughsixteenflatcoilsof one-halfinchtubinginwhich*
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evaporationtookplace. Thestea,missuingfromthese
.

sitieencircuitswasthoroughlymixedina r,anifoldarilthen

passedinsevenparallelstreamsthrough3/4~1tubesforsuper-

heating. Tbe superheatedsteamwasdeliveredthrougha small

deliverymanifoldto theautoaaticthrottlewhichmaintaineda

constantfixedpressurewithintheboilerandautomaticallyde-

liveredallthesteamgcncratodat thispreSSUZC.

Thesuperheatinstubesmzc wm”ndsgiral.lyto forman open

endboxwithroundcorner=,thetubesbeingclosepitchedsom

to iieC1OSe together,formingthefoursidesof thebox. The

chamberformedby tlnesetubesservedas a com?msticnchamber.

The outersurfacesof thesetubeswereLn contactwitha light–.

meta~ casingwh.iehenclosedtheentiretubesystem.Thecontact

of thesuperheatingtubeswiththeinsideof t’hisboilercasing,
a

colxplcdwiththenositiveair circulationwhichwas~a,intained

overtheoutsideinproportionto

burned,preventedthecasingfrom

unnecessary.

theq~ntityof fuelbci~g

‘OUrr.ingap-d&de insulation

The evaporationtubeswerewoundto foriisixteenindepend-

entflatcoilswhichstoodon endin t’heverticalplanejust

behindthecombustionchanter.Thegases ieavins,thecon’austion
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areathroughwhichthegasesflowedwas graduallyreducedto

compensatefor thereductionin gasvolume.~The gaseshaving
&

passedbetweenthelayersof flatevaporatingcoils,passedup

thestackwhichwaslocatedin thecoverat theextremerearend.

Thusthecombustiontookplaceat thefrontof theboilerand
.

thegasesfloweddirectlyrearward.Thewaterwasput intothe -
—.

rearendandthesteamflowedforward.This~de theboiler

stzictlycounter-flowandmaintaineda maximum

ferencebetweenthefluidandthegasesat all

Thisboilerprovedtobe a veryefficient

stem gencratoroItwasdesignedto evaporate

waterperhourat 300to 500pounds’pressure,

temperaturedif-

times.

andflexible

9000poundsof

andat a tcaper-[

atureof 800to900degreesFahrenheit.Itprovedto be capa- /

ble of evaporatingnuchmorewaterthanthisandto maintainan 1
I

6fficiencyof 8@0 underthesefullloadconditions.On onetest~

withz throttlepressuzeof 325poundsgaugeanda throttletem-

peratureof 772degreesFahrenheitjburning1.2poundsof oil !

per squcxefootof heatingsurface,it evaporated9450pounds
.

of interpcr‘houzwithan 80~efficiency. IThe capacityof the .

waterpunpwas reache~at this’flovandthispreventedascer-

tainingthe~~ax- ~pacityforevaporationof theboiler.

Inpracticaloperation,troublehasbeenexperienctiwith
~’ generatorsof theflashtype, Ihavingno surpluswaterandsteam~

I
space,ducto thefactthata suddenchangein the~hrottle

r —.

oPeningQf the@rid-operated~alvecausedwidefluctuationsin
..
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A

steampresswre,andwitha suddenclosingof thethrottle,an

anount02waternightbe lostthroughthesystenthroughthe

safetyvalve

iS desigmd,

drawbacks,a

which,forthepurposeforwhichthisgenerator

wouldbe serious.In orderto clininatethese

radicalchangefromtheordinarynodeof operating

the’generatorwasmade. Boththehand-operatedpressurevalve “-”

andthesafetyvalveweredispensedwith. In lieuthereof,a

typeof throttlewasadcpted.whichwasso arrangedthatwhat-

evermightbe therateof steauproducedup to fullcapacity,

thethrottleallo;7editsoutflowto theenginebutat thesane

timemaintainedthepredotcrninedpressure*,7ithinthegenerator.

Manualregulationwasfurnishedtopernitcontrolof theamount

of fuelandwaterat will. In otherwords,manualcontrolwas

tobe overonlythestuffgoingintothesystm insteadof the
.—

stuffgoingoutof thesystea.Thissystemnotonlyinsureda ‘“

constantsteam-pressureunderallratesof st=ing, butalso ““’-.._
dispensedwiththenecessityof a blow-offsafetyvalve.

Considerableexperiiier!.talworkwasdonein theeffortto

giveadequatecontrolforthegenerator,andthiswasfinally

effectedthroughthedevelopmentof someratherintricateacces-

sories.Whilethese~~eremadeto functionquitesatisfactorily

in thee.xpcrinentalinstallation,theBoardpointedoutthat

intricatedevicesof thiskindaredifficulttonaintainin

service,particularlyi“ntheratherroughserviceto~hichair-

craftare smbjectedinlandingand takingoffin roughfields

or on roug-nwater.
4
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Fozthetestskerosenewasusedas a fueland thereis,of

course,a Fidedifference,as thereportpointedout,‘oetveen
+ theuse ofa volatilefuelafidthatof a fuelwhiohhastobe

sprayedunderpressure,and to ~hichaixc,ustbe suppliedunder

forceddraftfroma blower.Resortin generalwashadunder .
theseconditionstoutilizingmultipleburnersandby lighting

a greateror lessnumberofburners-foranydesiredrateof

steaming.An ingeniousarrangementfortakingcareof this

problemwithkerosenewas

as in thecaseof control

vicewasUGedwhichmight

ation.

developed,but in thiseaseas well

of therateof steamgenerated,a de-
.

involvedifficultiesin serviceoper-

As a resultof alltheseexperiments~a

velopedfromwhichitwas estimatedthatthe

d of the~enerator,includingpumps,fans,and

generatorwasde-

fir.ishedwei@ht

allotherauxilia-

ries,canbe reducedbelow2000poundswhichwouldgivea gener–

atorweightof lessthan2 poundsperhome-power=Itwasfelt
/

thata ~eneratorhadbeendevelopedrithhighthermalefficiency

as comparedwithotherboilers,~?hichcouldiffurt’ner&eveloped

havea capacityforproducingsteamat anydesiredrateof

superheat;rhichhadlargesteamingcapacityperunitof weight

and spaceoccupiecl;which‘hadadequatesteadinessof steaming.
* rateunderfixedconditions;whichhadadequateheatinsulation

withouttheuse of firebrickor refractorylining;whichwas

safefrom<-isastrousexplosionswithouttheuseof a blow-off
8 8
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safetyvalve;whichgaveexcellentautomaticdistributionof

waterthroughtheheatingcoils,t-hnspreventingoverheatingof*

any coil;whichhadan efficientautomatic thr~ttlesysta main–

tainingconstantpressurewithoutzegardto suddenchangesin

the

and

and

demandforsteamwith”theengine;vhichhadan efficient

easymethodof controllingmanuallytherateof combustion

correspondingwatersupply;whichwe.s capableof raising

atesmquicklyfromcoldwater,andwhich

scalingor cracking.

Itwasfeltthattherehadnotbeen

contrcslof s-tearntemperatureuponsudden

wouldbe freefrcm

developedadequate

manualchangesin the
. stearningrate,r.orwas it felt’thattheproblemof outside

rustingof steeltubinghadbeensolved.Itwasfeltthatthe

generatorhada numberof favorablepointsas a whole,with

1.

2.

3.

4.

5.

referenceto aircraftpropulsion,as follows:

Reliabilityandprobablydurabilityas compared

withinternalcombustionengines.

Theuse of fueloilinplaceof gasoline.

A~aptabilityforlargepowerswithoutincreasein

complexityandnithreduccdweightperunitofpower.

Retentionof or possibleincreasein efficiencyat

highaltitudes.

Easeof operationandcontrol,
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Thedesignersfeltthatthesystemhadcertainunfavorable

pointsas

(1)

(2)

(3)

Frtm

f Ollovrs:

Low thermalefficiencyas romps.redwithinternal , ~

combustionengines●

Greaterweightperhorsepower

tionengines,exceptpossibly

thaninterm=1 cowbus- ;

forlargepowers. .,‘~

Largecond=singsurfacere~~izedunlesswingsur- .i––

facescculdbe used. ;$

theabovegeneralstatement,itwillbe seenthata ~~

veryconscientiousendeavorwa,smadeto solvetheproblemofa.
steamgeneratorand tlhatexcellentprogressms madein the~.7ork.

The generaldetailsof theprocedurehavebeenoutlinedwitha

. viewto indicatingon ykatbasis*hetotalweightperhorsepower

of thisparticulargeneratorwasarrivedat. Fromtheoutline

.——.

of theunfavorablepointslistedby theinventors,it isappar-

entthatwhilethemechanicaldifficultiesof theproblemwere

welltakencareof,someof themajorobjectionsto theuseof.
steampower

We are

lem,taking
. denser. It

plantsstillpersisted.

nowpreparedto continuein ouranalYsisof theProb-..

in turntheengine,theauxiliaries?andthecon-

iswellwithintherealmof possibilitythata steam

turbine,withallitsauxiliaries,canbe builtfor1 poundpcr

horsepower.Sucha turbinewillof necessityincorporatereduc-.
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tiongearsif thehighskaftspeedsnecessaryfor turbineeffici-

encywithlightweightazetobe coupledwithlowpropeller

speedswhichareli’xewi~enecessaryforcmer-%11efficiency~

Takingtheweightof theboileras 2“poultisperkorsepowcrand ~.

assumingan

at a weight

reachedthe

engineweightof 1 poundperhmsepower,we arrive ‘11
of 3 poundsper horsepower.We have,then,already !

powerp~ant~eig’htof theLibertyehgineas ardinar-~~
T

ilyinstalledin Iandplanes.~ar.~modernengineshavea pomcr -~

plantweightof 2 poundsperhorsepower.Since~~e‘ha-;e assurfi~ti.

thattheotherauxiliariesHaybe incorporatecd in thetotal

‘,7eightof theengine,we areno~preparedtopasson to the

condenser.
●

In thisanalysis,we haveat tandsomeexperiencein the

use of thevingtyperadiatorforinternalcombustionengines.

In an airplanehavlingapproximatecly350 squarefcetof total

wingarea,370sqiiarefeetof wingtyperadiatorwas required

to coolthecirculatingwaterof a 600HP.engine.Ifnoww

use wingradiatorsonboththeupperandlowerairfoils,~7evill

havea totalof 1?00squarefeetofwingtyperadiatoravaila– —

ble,or

for the

course,

approximately4.6timesas muchsurfaceas isrequired

internalcombustionengine.All of thissurfaceis,of

notavailablebecauseof stficturalinterferences,dar.

● it issefeto saythatfourtimesas muchareaisavailableas

is requiredfortheinternalcombustionengine. ‘

Th-crateof heatdissipatcd frm thecoolingwatcr of an
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internalcombustionenginemustnowbe comparedwitht-hatof .,,..—
therate ofheatdissipationfmm theconderisate of thesteam&

powerplant. Ifwe assume10 poundsof steamrequiredper —
horsepowerhour@ an engine,ardasswe lGO’3E.t.u.perpound

of steamtobe dissipated,we have10,000dividedby 60,or

167B.t.u. perminute,tobe dissipated.TheaverageairCK3ft

enginedissipatesabout25 B.t.u= perminutepcrhorsepowerto
I

thecoolingwater,so t’hat6.7ti-wesas muchareais required”

forthesteampowerplantas. Ifor theinternalcombustionengine.,-
plant,~ssumingthattherateof heatdissipationfronwater ._

to airczm5fromsteamto airareequal. Sinccwe ‘havehut .
. fourtticsas muchareaavailable inan airplaneas isrc- ~

quiredforcoolingan internalcombustionengine,it is obvious.~

thatther.reaavailableis insufficient..
Thec.hovefigureswerebasedon theassumptionthatthe

rateofbee”.ttransferforsteamcondcnsi-ngin theraadiatoris

approximatelyequalto t’hatof circulatingwatercoolingin the

saxeradiator.This,however,isnotthecase,anda; exmple

willillustratethis: A 600HP.intcrrmlcombustionengine

in an airplaneflyingat a speedof 60milesperhourrequires
. ..—

12 squarefeetof frontalareaof radiatorwitha 4-inchcore,

or about520squarefeetof surface.Thisis equivalentto .87$,..
squrrrefeetof areaperbrakehorsepowerof theengine.Fora .

steampowerplant,referringtoFig.2, foran airspeedof
. 60 M.P.H.>wc seethatapproximately60 squarefeetofazea
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iwillcondenseI poundof stear~peru nute,O; 60poundsOf st-n

per hour,whichis equivalentto1 squarefootof coolingsur– —

facecondensing1.poundof steamperhour. Sincenowa steaa

powerplantrequires,roughly,10 poundsofwaterperhorsepower

hour,we willrequire10 squarefeetof areaperhorsspoverto ;

condensethesteamof sucha powerplant. Theratio,then,is ~

10 to .87’or 11.5,froml.vhichit isseenthat11*timesasnuch ;

coolingareais requiredperhorsepowerhour

steamas is requiredto COO.1thecirculating

nal combustionengine.

We see,too,t-hatonly4 timesthearea

to condensethe ~.

waterof an inter- _

requiredisavaila-

ble ifweusebothsurfacesofan airplane,whereas11*times

as muchareais required.ThewingtyperadiatoristhereforeL

eliminatedfromourconsiderationbecauseof insufficient

areaavailable.

Fig.2 hasbeencalculatedfromthebestinformation

able. Thedataarequitelimitedand,likeHostdatafor
.

wing

avail-

con– __

densingapparatus,discloseratherwidediscrepancies.Inde-

velopingtheprove,an efforthasbeenmadetoarriveat a
.

reasonablebasisof comparison.Forthepurposeof thisapprox-

imateanalysis,Fig.2 is sufficientlyaccurate.

Itwillbe notedthatthecurveiscalculatedYorsteamat

212°andairat 100°Fahrenheit.Thissteampressurecorre-

sponds,of course,to 1.4.7poundsabsolutepressure.Any stem

turbineto attainanyreasombleefficiencymustof ncccssity
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operateat a muchlowerbackpf~ssurcthtmthis. A goodtur?~~Lc..—
6 shouldopcrate at about1/2poundbackprcssureprovidcdthe

exitareais sufficienttc tr.kccareof thestem at thisVOL- -

Ume. H017thetemperaturecorrespondingto 1/2poundabsolute

is qproximt ely 100°,at whichtenperaturcnit-han outsidc

air ~C~~Jc~~re of 100o,whichisfrequentlycncmntcredinqo-

eration,thereisno temperaturedifferencer.ndthereforeno ~

possibilityof condensingthestcm. Obviously,we wouldhave .-
to choosesoncotherbackpressurezt whichwe couldattainall

the econonyconsistentvithmaintainingsufficienttmperature

differencebetweenthesteamandtheoutsideairto condense
r.

thesteam.Manifestly,any temperaturelevierthan23.2°wald

resultina correspondi~.gincreaseir.thecondensingsurface .
. required.In otherwords,we couldriothopeto geteconomyany ;.-

wherenearapproachingthatof
.

outa condenser

of whatalready

craftengineg.

whoseareaand

constitutesan

steaupowerplantson shorewith-i
-;

weightwillbe greatlyin excess
\

impossiblecondenserforair- \

Ti~cabovecalculationsarebasedon theassumptionthat

thewingt~yperadiatorscouldbe keptreasonablyfreefrom

waterand thatthesteamcouldbe keptin reasonablecontact
.

r Y?iththecoolingwrfaces. As a matterof fact,thosesur-

faceson thelowersideof thewingswillprobablycontaina

deadwaterfilmof considerablethicknessandt-busconsiderably.
reducetheeffectivenessof thiscoolingsurface.The calcula-
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tionsarcthcrcforcbasedon ass~ptionsvhicharc considerably-—,—
morefavorabloto thoproblcmthanwculdactuallybc cncour.tcred

in scrv.icc.

So far,we bavcnotconsideredthedragofa radiatorfor

steampowerplants. Ifwe utilizeall theringareaavailable —
and thcrirceortto thecozet~e ratiiatorforthercnaindcr,

we stillhavetmicc as muchdragareain thesteamponcrplant

as in theintemal cor.’c~stioncn@.ne.Theresistanceof the

coolingsurfacedue to tncairflowvariesapproximatelyas

thesquareof thespcmlof ad~armc,~nd thopaverroquirnd

variesas thecubc of thespeedofindvanceeAn increaseof,,
100$in theareaof coolin~surfacerequiredwill,at high .-
speeds,“oecomea seriousfact~r,andit isobviousthatsince

fuelIs requiredto producepower,thee~onomyof thestem ,
.-

powezplantoverthatof an internalcog”oustionenginewill —
againbe impaired.

So farwe havenotconsideredtheweightof sucha rad.ia–
1-

tor. Theaverageweightforan aircraftradiatorisabout : —
.3poundpersquarefoot,dry. With.87squarefootofcool-~

.-
irigarearequiredperhorsepower,a 1000HP.internalcombus- -,.—
tionenginewouldrequireapproximately261poundsof radiator

weig’ht.Sinceit reqUires11~timesas muchcoolingsurface .,
forthesteamp=owerplant,we wouldreacha totalof 3000

poundsfora 1000HP. engine,or Z poundsperhorsepu.ver.In :..

otherwords,theweightof theradiatorof thesteampower



. N.A.C*A*TecilnicalKotcKo.239 21

plantisas greatas thatof a combinedboilerand enginecsii-:-_

* mateda-oove,andthetotalwcightof suchan installation,ex-~

CIUSivc of t-ncengineand condcnscrauzlliari~s,wouldbe 6 1.

poundspcrhorsepower.Thisis justaboutt-iriceas gzcatas

thea.veragcweightof themodernaircraftpowerplant,ard.on

a weight basisalone,neglectingtheresistancefactor,our

steampowerplantwouldweightwiceas nuchas ourinternal

combustionenEineap.dwouldrequire.abouttviccas muchfuel.

In otheruords,ifa steampowerplantis to oompetewithan

internalcombustionengineon tt.ee-11–inportantbas%sofpoun~s

per horsepowerpermileflown,it willhaveto showan improve–--
● mentinbothecononyant,weightofat least1OC$.

.
Stm powerplanteconomicsof theorderof 1/2po~d of ._..,___

fuelperhorsepowerhourare,theoretically,withinthereala.
ofpossibility.Theirattainmentwillrequizehigherpres- -..
sureszndhigherdegreesof superheatthanarecustomaryon —.-
theshors. Certainspecialinstallationsarcalr~y working

undertlmseconditions,althoughnotyetapproachingthetheo-.,..
retically possibleeconomy.Theseeconomiescanonlybe ob- ,.
tainedwiththedevelowentof suitablematerials.It isa

matterof cowmonknowledgethatimprovementin stem power . ....

● planteconcmyhasbeensufficientlyrapidto challenget-hatof “

Dieselinstallatiozm.

In consideringthismatter,wemustkeepinmindtheall-
.

importantfactorof reliabilityinaircraftandthefactthat
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installationsarcsubjcctcd to scvcrcshocksof landing

isfurthertobc consideredthecrash‘hazardto thecrcvsof

aizcraftusinga steampowerplantinwhichhighpress-~rcsand

hightmpcraturespr~~il. Thereisthefurtherdcngerof fire

resultingfronsucha crashsincethefuellineswillbe in

closeproxinitytoa hotfurnace.It isnowconnonlyrecog-

nizedthatina crash,fireismuchmorelikelyto resultfrti

hurnirgof thelubricatingoilthanfra.1thegasolinealone. :
Gasolinesprayedon hoisurf~ccsevaporatesso rapidlytkt it ~

is lesslikelyto iumitcon contactwithhotsurfacest-banis

tnc%avy lubricatingoilri.t-hitslcHrateof evaporation.

Thehazcrdresultingfromtheutilizationof highpressure

sta-.minaircraftpowerplantsn.ustbe givendue consideration,

NoT7,thereareonlythreena.jorrcr.sonsvhy theuscofa

stwn p~(~crplantnightat firstappeara.ttzactive:

(1)

(2)

.

(3)

The

ad

The

and

The

r.rc

possibilityof an

lifeof thepower

increaso

plant.

~ossibilityofutilizir.ga

in thereliability

heavyfuel

of reducingthefire“mzard.

possibilityof attaininghigkerpowersthan

possiblewitht:lepresenttypeof internal

.

..._

-..

.

-.

,

coy:~usti~ne@.nc.
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Takingfirstthispossibilityof incrcascin rcli~.-oilit;~

and1ifc bctt-rccnoverhauls,it isdesirableto ruricutherclia-

bili-tyar.dlifebetweenoverhaulsof thepresentengines.The .*
nodcrnr.ircreftengineisnotsuchan unrelie.”oleqicceO:Ha–

.
chineryas itappearstobe. We hvc on record,testsofair-

cza.ftc~ginesmhichhxvc runover3C0hoursat f‘allthrottle,

non-stop.Approxifi~tcd intoP.ilcsat therateof 100nilcs

pcr hour,thismeansa Cistanceof30,000niicsat fullspeed.

Comparedwith

formance even

approximately

theautomobileengii~e,Vfiisisa commendableper-

whenwe ~memberthattheautomobileengineweighsi
15poundsper horsepoy?er.Comparedwiththe ~

steampowerplantofa battleship,whichwillweighroughl~

135poundsperhorsepower,thisperformanceisalsocommendable.

MostbattleshipsWOU13encounterconsiderabledifficultyin

stearning30,000milesat fullspeedevenwhenattendedby a

fullcrewwhichcsncloselysupervisetheengineoperationat

all tines.Themodernaircraftengineisnot,then,sounreli-

ableas itappears,especiallyThenwe zememberthata major

portionof t-hefailuresisdue topipingandnotto theen>ine

itself.

I?owsinceoursteampowerplantwillhavea verymuch

larGergxoporticnofpiping,we canby thesaaetokenexpecta
.

considerablenumberof similarfailures
., particularlywher.we

reducethencightof thispipingto thepoint~hichweight

limitationswillrequiretIn otherwords,by thetimem have

.

.

.
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reducedtheweig-htof thesteampoverplantto theminimm,as —..-

# 7C kave donein t-heaircraftpowerplant,a~dby the ti~le 17e

cationsnecessarytomeettherc?quirenwltsofaircraft,we Hill

havesofarrcduccditspossiblorcliabilit;~as tomakeitlook

extrcnclyuni’a70.~S21cir.comparison~iththeinternalcomhustion
.

engine.Thisstandsto reasonbecausetheinternalccnbustion

engineisa self-containedunit,vhereastil~stcampo’b7erplant

mustdivideitselfintofourscpara.te unitsandmustincorpor-

atemoreaccessoriesandappliances

can everrequire.
* Thepossibilityofutilizinga

thantheaircraftengine

cheaphcavy fueland tilus

reducim.gthefirehazardisan attractiveone. To date,the

possibilityy ofusingsucha hcavy fuelinaircrafthasr-etbeen
b

dcmonstratedby burningitunderboilers.I%wouldap~=r

thatthepropercourseof procedureistoburnthisfuelinan

internclccmbustionengine,and thisprobla,is wellon the

~ay to solution.Even~7ercitpossiblotoburna cheapheavy

fuel, thetotalquantityof fuelrequiredforthenesteconom-

icalsteampowerplantwe car.c~cct to dosignwouldbe so

greatas to ripeouta gooddealof thenarginof economy. -—

The>OCsibilityof.attaininghig-hcrponersthanarepossi-.
hle withtheprssenttypeof internalcombustionengineisnot

so attractivefozthereasontkt men ~iith theinternalcoa-
b bustionengine,thenecessityforverylargeaircraftisn~t

●



N.A.C;A.TechnicalNoteNo.239 25

apparent.It canbe

sizebeyondwhichit

Carryii~airplanes.

internalcombusti.ons

shownthatthereisa definitepointin

is

In

i%.

uneconomicalto go evenforwcight-

any“event, it ispossibletoutilize

multiple-cylinderinstallationswhich

havetheaddedattraction,providedtheairplaneis sodesigned

as toflyonany oneof themultipleengines,of increasedde-

pendability.Thispossibility,then,doesnotlookparticularly

wellin heavierthanaircraft.

Inlighter-thafi-air.craft,itwouldseemthatstesmpo~7er

plantsnighthavesomebettezapplications.liowever,theele-

mentof econm_yis of relativelygreaterimportanceinthesc-

aircraft::CCF.USCtheyaredesignedforlongrange.A central

generatingplantwithpropellersdrivenby electricmotorsis.

offeredas onepossibility,but thetotal]7cightof a com”oined..-

turbo-electricsystemxwenwiththecentralplantcanbe shown

to be prohibitive.

So farwc havediscussedthemore

stcanpowerplant. An analysisof the

conventionaldevelopment,

t-hata nearerapproachto

madewiththisplant. If

basedon the

conventiomltypesof

possibilitiesof anun-

rnercuryboilerindicates

therequirementsofaircraftcanbe

theeconomyof sucha plantcanbe

. improvedto thepointof equality~7iththeinternalcombustion

engine,thenthetotalweightperhorsepowerof sucha plant ●

is notof suchpressingimpor+~nceinan airshipwherethe “
b

weightof thefuelwrried isa uuchgreaterproportionof the
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gross weightof theairshipthh istheweightof thepower

plantitself.It isonlyby somesuchdevelopmentthatstcan

po~,7erplantscaneverbe appliedto aircraftandthefirsta~-

plication,ifany,wouldseemtobe in airships.13fenunder

thebestconditions,steampowerplantsin hoiivier-than-air

crafta~ear sounattractiveas tobc entirelyeliminated.

Sumcqary.

Fromtheaboveapproxtiaiean~.lysisit willbe seentkit

on thebasisof theweightof tkepowezplantalone,steam
. r.—“/

powerplantsforairc~aftareprecluded.

omyalone,theyareagainprecluded.On

sistanceof thecoolingsurfacerequired

On the basisof econ~~i
.._

thebasisof ther,e-

alone, theyarepre-

Cludcd. Cn thebasisof thesunof thesethreeconsiderations,

theyareabsolutelyimpossible.It roulci.thereforeappear
●.

thattheultinateanalysisnentioncdin thebeginningof this ,---
paperisnO longernecessaryas no promisewhateverresults

frontheapproximateamlysis.

Theforegoingapproxtiateanalysisismanifestlybased

—

on

practicalconsiderations.The sameresultsarc indicated,how--.—.
ever,inthetheoreticalar.alysis.Thestartingpointofany

theoreticalanalysisisa comparisonof thecyclicefficiencies

of differentprocesses.By comparingpossibleefficiencies

basedon conputattionsforcycleswhichapproachtheactualcy-
● .

clesemployedin ther.echanism,wemayarriveat an approxima-
b
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tionof thepronif3c~12cldforth>y eachcycle.The~nkina

cyclcis theonlystcancyclethat~cmo~uiblyapproxiaates in

representationtheactionof stea in cylindersandnozzles

foruhiehefficiencycr.nbc readoffckrts.

is thecycleoxdinr.rilycnploycdin internal

and chartsarcavailableforthiscycle.

Asstmingan inittilpresmmo of 200To.

The~ttOCyCIC

combustionengines,

gccggfordry satu-

rated st~m, and0.25lb.pcr squareinchabsolutebac’kpres-:
i

suze,thethcrralcfficier.cyof theRankinGcyclei=about34~.~
;

For theOttocycle‘.~itha compressionpzcssureinatr.osphcres~t4
of 10,uhichapproxinatcmtheconprcssionpressurefGrnodcrn ;

1-=3
ai~cfi.ft engines,

I
we findc them=l efficiencyof 484forthe !i

Cycle.
i

Fronthiswc seetkt thesteaacycleisat a disad-

vantr.gefroatheviewpointof tbcr-mlefficiencywithrcsyct

to theOttocyclei~ Vaeratioof 34 to 4S.
—

T“his,of course,

accountsforthelowecononiesof st-q power plants.

Thiswholeprobl= naybe viewedfxcmanotherangle. ln .

thenodernaircraftengine,
--

we u.ayassunethatabout1/3ofthe

totalheatof thefuelis convertedintousefulwork;about

1/3 is rejectedto theatmospherein theexhaust@ses, andthe .
reaainingthirdis rejectedto theatzmspherethroughthejack-

etseitherindirectlyinwater-cooled,or directlyinair-cooled

crigines.Sincetheheatconverted.intousefulvorkislikewise

dissi.pztodintoatmosphereby thepropeller,themodernaircraft

en~incnaybe saidto dissipateallitsheatdirectlyto the
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d atnos~-nere.
●

In thesteamcycle,theheatmustfirstbe transferredto

theworkingfluid,whichiswaterin theordinarysteamcycle,
*

andto waterandmercuryin thes~callcdmere-~ryboilersystem.

Bothof theseliquidsmustbe retainedin thesystemand re-

circulatedinaircraftengines.Foran overailefficiencyof

25$,if we convert25?of theheatintousefulworkanddissi-

pateit totheatmosphere,and if in theboilerwe attainan

efficiencyof 8C@0 andreject20~directlyto theatmosphere,

thenonly45%of thetotalenergyis rejectedto theatmosphere

directly.The remainingheatmustbe transferredifidircc>lyto

theatmospherethroughthecoolingsystem-Manifestly,any

. suchindirectsystemwhichis requiredto traisfer55$of the

totalheatavailabletotheatmospherethroughsomeinte~ldiatc

heattransferapparatuswillrequirean apparatuswhichisheavy
* and offersfarmoredragthandotstheozdinaryaircraftradia-

tor. Thus, on theoreticalgrounds,we cansu”ostantiatethe

foregoingconclusionbasedonpracticalgrounds.

?Tk@nwe comparesucha systemrequiringheavyandcumber-

someapparatusto rejecttheheatby indirectmethodswitha

systemof themodernair-cooldengi~c,whichrejectsallof

thehca.tdirectlyto theatmospherewithoutsuchintermediate

apparbtus,oursteamsystemis showntobe at evenworsedisad-

vantage.Fromthepracticalas wellas thetheoreticalstmd-

point,itr;ust~pp~r t~~ thest~~ powerp12ntcannotCOM~&e”--

—

. .

.- .
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withtheinternalcmbusti.oneng”incinaircraaft.m
In ordertht thestocmpovcrplantgay conpcte,it is

necessarytoclininatemuchorallof thisintermediatea~ara-
S tus● In themercuryboilerinwhichtheheatof condensation

of thesteanistransferredto themezcuryvhich,in turn,is

utilizedina turbine,thiseliminationtakesplacetoa cer- .
taindegree.Therestillremains,however,thenecessityof

transtcrringtheheatof condensationof themercuryto theat-

mosphere.It ispossiblethattheapparatusrequiredwillnot

be in excessof thatnowusednithwater-cooledaircraftm.I–

gines. It seem wellwithintherealmofpossibilitytlmta

conplcte‘aercuryoutfitin comparativelysnailsizescanhe

builtforabout5 poundsper horsepower,and suchan avparatus
.

wouldcom>re favorably,.on thebasisof econony,withinternal

combustionengines,as wellas eliminatingmuchof thecooling

● surfr.ccrcqui.rcd.Itwould,however,stillbe conplexwhen

comparednithan internalcombustionenginewhichis,after
r

oncof thesinplestof engines.

al,

%.ter-cooledenginesarerapidlypassingoutof general

use in aircraft,onlyfor sr.allersiz,ce,.Withnodernen@nes,

a >oncrplantweightof2.3lb.per horso~oweris connon.The

mcr~rj-installationwouldthenneighowertwiceas rnzchper

horsepoweras theair-cooledengineinstallationin generaluse. —
● Eventhissystemdoesnotoffer

For stem tobe consideredas a

greatproniscforaircraft.

propulsiveneansforaircraft,
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it isnecessarytodevisesomemeansofapplicationwhichwill
●

completelyelininatethecoolingsystem,whichwillper~it

po~erplantweightsof notto exceed2 lb.perhorsepower, ____
whichwill

horsepower

maintained

permiteconorfliesofbetterthan.50lb.of fuelper ;

perhour,andwhichwillbe as simple,as easily —
and operated,as rugged,andas dependableas the

.
ncdernaircraftenFine.Fronourpreser.t“knowledge,thisisa -—
ratherlargeorder.

*
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